By PAuL G. HUGENHOLTZ, M.D., AND RAUL GAMBOA, M.D. SEVERAL investigators 1, 2 have attempted to relate electromotive forces generated by the hypertrophied or enlarged heart to the dominant type of hemodynamic load it was assumed to be carrying. From this has originated the term of "systolic and diastolic overloading." However, the concept behind this expression has not found general acceptance, partially because of the inconstancy of the electrocardiographic findings and partially because anatomic features, as revealed at autopsy, were used in the correlations rather than actual hemodynamic measurements.
Of a variety of cardiac functions, cardiac work seems at first glance the obvious hemodynamic function to use, but since this measurement reflects both the delivery of volume and the production of pressure, the question remains which factor is the dominant one. Furthermore, the type of myocardial response, when only one of these factors is chronically increased, has been incompletely studied. Some insight into these mechanisms can be derived from studies on the isolated heart preparation. A poor correlation between myocardial oxygen consumption and stroke work has been shown,3 whereas increases in systolic pressure were found to be attended by a much greater myocardial utilization of oxygen.
In fact, the latter relates to increases in peak systolic pressure in a linear fashion.4' Since, under acute circumstances, the production of Circulation, Volume XXX, October 1964 pressure appears to be "costly" in a metabolic sense, it appeared useful to study only those cardiac lesions in which increased pressure would be the dominant persistent hemodynamic change and thus should be the chief factor related to adaptive processes. Isolated outflow obstruction caused by congenital aortic or pulmonic valvular stenosis of varying severity was selected as the optimal model in which to conduct this study. By way of contrast, the results of a separate investigation upon lesions, in which increased stroke volume is the main alteration in myocardial function, will be mentioned briefly.
Another reason for the lack of specificity of the "overloading concept" in its reflection of an altered hemodynamic load is the electrocardiographic reference system used. The development of more refined vectorcardiographic recording technics, and particularly the use of corrected reference systems, has led to an improved definition of normal values at all ages, the correct measurement of spatial vectors, and the opportunity to study fractions of the total QRS time with great accuracy. Since the standard electrocardiogram cannot yield information of this nature, this may be another reason why previous attempts at meaningful correlations have been unsuccessful. Recent work has established the merit of corrected systems beyond any doubt,0' 7 and the fact that of these the Frank lead system 8 is the simplest, as well as the most practical, has led to its application in this sudy. In an attempt to exclude complicating factors, such as disorders of coronary flow with consequent myocardial fibrosis and conduction disturbances, this study was limited to children and 511 young adults with pure congenital aortic or pulmonic stenosis, in whom elevation in intraventricular pressure was the only major variable. As a corollary to this study of the effects of a constantly increased pressure load on the vectorcardiogram, the relationship between the form of the vectorcardiogram and the physiologic increase in heart weight in normal individuals, from infancy to adulthood, was also investigated.
The purpose of this study can then be redefined as an investigation into the relationship between the electromotive forces of the heart and its hemodynamic state over a wide range of chronically elevated intracavitary pressures due to outflow obstruction of either the aortic or pulmonic valve.
Methods and Materials
Data on 50 patients with aortic stenosis and 40 patients with pulmonic stenosis, aged 6 months to 27 years, were selected from consecutive admissions for cardiac catheterization to the Cardio-Pulmonary Laboratory of the Children's Hospital Medical Center, Boston. Data on 50 agematched controls were obtained from a larger group of normal children previously studied. 9 These, and a small additional group of 15 infants, aged 4 to 12 months,10 were used for contrast to the findings in the major group under study.
Catheterization of the right heart was carried out in all patients. The midthoracic level was selected for zero reference. All pressure measurements were made with P23Db Statham strain gages and registered on a Sanborn 550 8-channel photographic recorder. In the patients with aortic stenosis, the left side of the heart was reached through the retrograde arterial technic in 46 patients and by the transseptal approach in two, while in the remaining two cases a percutaneous transthoracic puncture was carried out under light anesthesia with pentobarbital and cyclopropane. Two other patients studied in this manner are included in table 1, but not in the calculations. In all cases premedication consisted of a mixture of meperidine (25 mg/ml.), chlorpromazine (6.25 mg./ml.), and promethazine (6.25 mg./ml.), leading to a mildly sedated or sleepy state. The dose was 1 ml. of compound per 30 lb. of body weight, up to a maximum of 2 ml. This small dose of meperidine is not considered to alter myocardial function, although in approximately 5 per cent of patients a decrease in peripheral resistance has been described." Cardiac output was determined by the Fick principle in all but one of the patients. In two of the small children with pulmonic stenosis, collections of expired air could not be obtained and basal oxygen consumption was assumed from standard charts.'2 In 33 of the patients with aortic stenosis and in 29 of those with puhnonic stenosis, the Fick cardiac output determination was followed immediately by an estimation of cardiac output by the dye-dilution technic with indocyanine green as indicator.13 Where measurements were obtained simultaneously, differences between the two methods were less than 10 per cent. Exercise on a bicycle ergometer was carried in 19 patients with aortic stenosis and in 12 with pulmonic stenosis. In these, all measurements were repeated during the fifth and sixth minute of steady exercise. Angiocardiograms were recorded in all instances of aortic stenosis, and injection of contrast medium into the proximal aorta was used as the sole criterion for the estimation of associated aortic regurgitation. Twelve cases showed trivial and seven a mild degree of regurgitation of the contrast medium. Patients with pulse pressures over 70 mm. Hg or diastolic pressures lower than 50 mm. Hg were excluded from the study. Calculation of ventricular peak systolic pressure and valve gradient was made from records obtained closely before or after flow determinations. Great care was used in selecting those sets of data in which heart rate approximated that recorded during the vectorcardiogram, and, in five representative patients, the vectorcardiogram was monitored at the time of the hemodynamic study. In these cases exercise was also carried out and cardiac output again was determined during effort. Ventricular pressures were recorded continuously. Mean systolic pressures were obtained in duplicate by planimetry of three representative pulses, obtained from the intraventricular recordings. The average reading was used in the calculation of stroke work, according to the standard formula. 14 In the derivation of the pressure time per minute the formula indicated by Sarnoff was used.15 For correlations with events recorded in the right side of the heart, pressure time per minute was derived from right ventricular pressures. Stroke volume was obtained either from the Fick or from the dye-dilution cardiac output determination, whichever showed a heart rate identical to or within 5 beats per minute of the heart rate recorded during ventricular pressure determinations. All measurements were obtained in a resting state, except where specifically mentioned. Valve areas were calculated from the same data by Gorlin's formula. 16 Routine statistical calculations were carried out and comparisons made with the control group. Left ventricular peak Circulation, Volume XXX, October 1964 512 systolic presuire in this latter group was assumed to be equal to the arterial systolic pressure recorded at least five times during a 4-hour period.
All vectorcardiograms were recorded with the Frank lead system.8 The patients were studied in a recumbent position and in a resting state. The fourth intercostal space was used for placement of electrodes I, E, C, A, and M. In each patient a minimum of 15 planar loops was recorded on 35-mm. XXX film. Exposures were made at various amplifications to insure recording of the entire loop as well as parts thereof at optimum clarity. Trace-shift along horizontal or vertical axis was employed for exact identification of the zero point. All records were displayed in a Documat F microfilm reader, and planar measurements of the enlarged tracings of two loops in each plane were made in duplicate. A simple nautical protractor was used for measurements of direction and magnitude at 10-millisecond intervals Circulation, Volume XXX, after the onset of the QRS complex. The Pythagorean theorem (Sv = /X2 + y2 + z2) was employed to calculate spatial direction and magnitude. The latter is derived from the horizontal (x), frontal (y), and sagittal (z) projections of the maximum spatial vector (MSV). In addition to the three planar directions of maximum and half area vector, QRS-T angles as well as angles between 0.01 second and maximum vector, respectively, 0.02 second and maximum vector were obtained and transferred in spatial terms. A separate analysis was made of the maximum rightward spatial vector (MRSV).
Since the segment of the spatial vectorloop surrounding the maximum leftward, respectively rightward, force represented a longer time during which either the left ventricular or right ventricular events were dominant, a sum of four selected vectors was made. This sum (SMSV) was derived from the spatial magnitude of the Figure 1 Relationship between magnitude of maximuim spatial vector (MSV) and left ventricular peak systolic pressure in 50 patients with aortic stenosis. Vertical arrows indicate patients 7, 10, and 12 (left lower corner) and 45 and 47 (right upper corner). All five reached pressures between 190 and 240 mm. Hg during exercise. As shown in figure 10 , the severity of aortic stenosis in patients 19, 48 , 51, and 52 studied during general anesthesia was better assessed by the MSV than by the left ventricular pressure registered during anesthesia. The mean of 50 age-matched normal patients is 1.33 mV. Depicted by diamonds are 19 controls, whose left ventricular peak systolic pressure or MSV was at the lower end of the regression line. HUGENHOLTZ, GAMBOA vector occurring 0.01 second before the maximum, the maximum spatial vector (MSV) itself, and the magnitudes of the two spatial vectors occurring 0.01 and 0.02 second thereafter. Since this measurement represented a prolonged observation period, it was considered to be a more accurate reflection of the ventricular hemodynamics than the MSV itself. Frontal plane projection of maximum rightand leftward directed forces was also determined and the ratio calculated in patients with pulmonic stenosis only. All tracings were obtained together with standard electrocardiograms on the day preceding catheterization in 83 patients and on the next day in the remaining seven. Total QRS loop time never exceeded 0.105 second. Correlation of selected hemodynamic and vectorcardiographic parameters was then carried out. The identification of the zero point may be a source of error. In the measurement of direction of each timed vector based on this zero point, an average reading error of 50 or less has been found. Calculation of the magnitude of the maximum spatial vector, however, is not subject to this error and is consequently more accurate. Variations due to respiration are negligible in the recumbent position. Although changes in body size, chest anatomy, and differences in tissue re- Relationship between magnitude of maximum spatial vector directed to the right and peak systolic pressure of the right ventricle in 40 patients with pulmonic stenosis. The normal maximum rightward spatial vector is 0.40 mV. sistivity all constitute possible variations in the recorded potentials, the design of Frank's corrected network has resulted in a remarkable constancy of performance.9 17 Furthermore, the errors that persist are constant and will tend to cancel out on comparative determinations in the same subject. Results
Detailed data for the 50 patients with aortic stenosis are given in table 1, while the results used in the correlations with patients with pulmonic stenosis are recorded in table 2. Tables 1 and 2 are arranged according to the level of resting peak systolic pressure with the severest degrees appearing at the foot of the tables. A significant relationship was found between the magnitude of the maximum spatial vector (MSV) and the left ventricular peak systolic pressure in the 50 patients with aortic stenosis ( fig. 1 ). Progressively higher pressure was found once the MSV exceeded the upper limit of normal of 1.82 mV (mean of normal MSV= 1. Relationship of right ventricular peak pressure to the sum of four spatial magnitudes oriented to the right.
When the correlation was extended to include the 50 controls, a coefficient of 0.94 was obtained. Inclusion of only the small group of normal infants and children, whose systolic pressures were at the lower end of the range, increased the correlation coefficient from 0.85 to 0.93 and confirmed that a linear relationship exists over the entire range of peak ventricular pressures that the human left ventricle was capable of producing in these studies. The time of the inscription of the MSV varied Circulation, Volume XXX, October 1964 within a narrow range and occurred between 0.035 and 0.060 second in all cases. The mean value was 0.045 second, and was 0.055 second for the 11 patients with left ventricular peak pressure in excess of 199 mm. Hg (fig. 2) .
A similar relationship was obtained between right ventricular peak pressure and the maximum spatial voltage directed to the right (fig.  3 ). The correlation coefficient was 0.87, p < 0.001, the regression coefficient y = 95. The sum of spatial magnitudes of selected vectors, as described, yielded slightly better correlation coefficients. In aortic stenosis r -0.90, p <0.001 ( fig. 4) Figure 8 cle also showed a significant correlation with the ratio of left/rightward directed maximum forces as projected on the frontal plane (r =-0.84, p < 0.001, y -96.62 (log L/R +1) +202.23, fig. 12 ). The direction and magnitude of the 0.01and 0.02-second vector in left ventricular hypertension are also given in table 1. When the severity of ventricular hypertension in the 50 patients with aortic stenosis was divided according to peak gradient ( fig. 13 ), 10 patients with gradients < 40 mm. Hg showed a decrease of mean magnitude at 0.01 second from 0.33 to 0.17 mV (t = 3.8, p < 0.001), and at the time the 0.02-second vector was inscribed from 0.59 to 0.33 mV (t = 5.2, p <0.001). At 0.01 second this magnitude constituted 12 per cent of the maximum spatial voltage versus 25 per cent in the controls. At 0.02 second this percentage was 23 per cent versus 43 per cent. In the next category (gradient 40 to 80 mm., 26 patients), the absolute magnitude of these timed vectors increased slightly to 0.19 mV and was 9 per cent of the Diagram relating left ventricular mean systolic pressure and magnitude of maximum spatial vector in 50 patients with aortic stenosis. was correlated with other hemodynamic factors, a less ideal, although still significant relationship was found with mean systolic pressure (r=0.72, for left ventricular, fig. 8 , and r=0.84 for right ventricular pressure). There also was a significant inverse relationship of MSV with the log of aortic valve area (r -0.69, p < 0.001), and of pulmonary valve area (r = -0.66, p < 0.001, fig. 9 ). Regression equations are, respectively, y =-0.49 x + 1.15, S.E.E. 0.24, and y=-0.62X +0.31, S.E.E. 0.42. When the SMSV was used, r values improved slightly to r = -0.72 for the aortic valve ( fig. 10 ) and to r -0.68 for the pulmonic valve. Correlation with left ventricular stroke work gave a coefficient of 0.24, p < 0.5 ( fig. 11 ) and for the right ventricular stroke work r = 0.32, p < 0.5. These figures were insignificantly changed when stroke work was corrected for body surface area. In pulmonic stenosis the peak pressure of the right ventri- Correlation between magnitude of maximum spatial rightward forces and pulmonary valve area in 39 patients with pulmonic stenosis. The calculated valve area is entered on a semilogarithmic scale. Figure 12 Correlation between peak systolic pressure generated by the right ventricle in 40 patients with pulmonic stenosis and the ratio of maximally leftward over rightward directed spatial forces as projected in the frontal plane. The latter is plotted on a semilogarithmic scale. The correlation is particularly significant with pressures in the right ventricle below systemic arterial level (cf. fig. 3 ). ent > 120 mm. Hg, eight patients) these percentages did not change significantly, and the magnitude in the spatial vector at 0.01 and 0.02 second increased to 0.22 and 0.45 mV, respectively, paralleling the further increase in MSV to 3.21 mV in this group (fig. 13 ). The spatial angle between 0.01, 0.02 second and the maximum spatial vector, as shown in figure 14, gradually decreased from 1100 to 87°f or the 0.01 and from 1050 to 80°for the 0.02second vector. Thus in mild left ventricularhypertension, at the time the greatest decrease of spatial magnitude in early vectors occurs, no change in spatial angle is observed. Virtually identical decreases in spatial magnitudes were observed in each of the 18 patients with aortic stenosis whose MSV fell within the range of normal ( fig. 15 ). All of these had mild left ventricular hypertension (patients 1 to 11, 13 to 17, 22, and 26; table 1 ) and as a group are similar to the 10 whose aortic valve gradients were less than 40 mm. Hg. Finally, no significant correlations could be found with QRS-T angle measurements. Half area vectors did not show any better correlations than were found for the MSV or SMSV. 6 ) and of 0.82 between MRSV and right ventricular pressure time per minute ( fig. 7) indeed shows that pressure time (and presumably tension) is related significantly to the electromotive forces recorded from these ventricles. However, Monroe,5 in particular, has pointed to the production of peak systolic pressure by the ventricle as the most direct cause of its myocardial oxygen consumption.5' 20 In this DISTRIBUTION OF CASES ACCORDING TO GRADIENT IN mm Hg Figure 13 Ratio of magnitude of 0.01-and 0.02-second spatial vector to maximum spatial QRS vector in 50 patients with aortic stenosis as compared to 50 normal patients. The patients with aortic stenosis are subdivided according to peak gradient into four subgroups. Note the abrupt drop in magnitude of the spatial vector at 0.01 and 0.02 second in patients with mild disease, which slowly returns in subsequent categories to near normal. However, the ratio between these vectors and the maximum vector continues to decline as the degree of hypertension increases. The top of each bar indicates the mean MSV for that group.
Discussion
These data indicate that specific spatial electromotive forces, whether generated predominantly by the left or by the right ventricle, relate significantly to various measurements based on the production of pressure by either ventricle. Since intraventricular systolic pressure is chiefly a function of the tension developed by the cardiac fibers, tension itself may be the essential parameter with which to relate the electrical forces. The tension-time index has been proposed as the most sensitive parameter describing the production of ten- study the correlations between peak pressure and MSV or SMSV were the highest of all parameters investigated (r 0.85 respectively 0.90 for the left ventricle and r = 0.87 respectively 0.89 for the right ventricle) and were considerably higher than those shown for pressure time. Furthermore, inclusion of controls with normal left ventricular peak pressure enhanced the correlation coefficient to 0.93 for both MSV and SMSV, whereas no significant improvement occurred with pressure time per minute. Apparently these findings parallel the relation of peak pressure production to myocardial oxygen consumption just described. 5 Although experimentally and acutely increased pressure time or peak pressure cannot be identical to the effects of longstanding outflow tract obstruction as seen in these patients, both studies 5, 15 Ratio of magnitude of 0.01-and 0.02-second spatial vector to the maximum spatial vector in 50 controls and 50 patients with aortic stenosis. Eighteen of these had mild disease with left ventricular peak systolic pressure at rest 160 mm. Hg or less (cf. table 1) Note the similarity of this graph to figure 13 , which indicates that a decrease in spatial voltage of early QRS vectors is diagnostic for this group. The key is identical to that used in figure 13. an augmented pressure load is "metabolically expensive" to deliver. Since in patients with aortic or pulmonic stenosis increased peak pressure development, in particular, is occurring continuously, even under the average resting circumstances, it is highly probable that increased myocardial oxygen consumption must take place at some point. If this continuously increased oxygen cost is indeed a factor eventually leading to compensatory and adaptive processes in the myocardium, the MSV in some way appears to reflect the resultant mechanism or the total fiber tension delivered by the myocardial syncytium under resting circumstances. These augmented electrical forces clearly are not primarily related to the average pressure delivered, nor to the average resistance to the outflow of blood and certainly not to stroke work as such.
Levine and Wagman19 showed that when cardiac enlargement is due to dilatation, the ratio pressure time per minute/q%2 per unit weight of heart muscle remains remarkably constant. If hypertrophy occurs in the face of increased pressure, the ratio increases, primarily because of increased pressure time, but again oxygen consumption per unit weight remains the same. Thus, it is attractive to follow the proposal that hypertrophy in response to a continually elevated pressure proceeds to a point where the force generated per unit cross-section returns to normal.21 The latter may be accomplished either through larger contractile units or through an augmented number of normal-sized cells. The net result of either response will be increased pressure production. In either case the factor measured by the MSV or SMSV relates to the type of anatomic response that predominates. In this regard recent histologic studies have become of great interest.
Detailed morphologic studies by Linzbach 21, 22 have shown that during the normal postnatal growth of the heart the myocardial syncytium becomes wider and longer but the length-to-width ratio of each element remains fixed. The distance from Z-band to Z-band, representing the length of the sarcomere, remains the same whether the heart is normal, Distribution of normal maximum spatial voltages according to age in 50 age-matched controls used in the correlations and in 15 infants between ages of 3 and 9 months. No differences in the mean for each group were noted. Average maximum spatial voltage in the control group was 1.33 mV.
hypertrophied, or dilated and there is also little difference between the length of left ventricular (1.4 a) or right ventricular (1.5 ,) fibers. Since the number of fibers and nuclei also remains the same from infancy to adulthood, the only change during the normal increase in heart weight from 20 to approximately 300 Gm. during this period consists of an increase in its number of sarcomeres and approximately a fourfold increase in the number of capillaries to supply the larger surface area of the same number of muscle fibers. Paralleling these morphologic changes is the interesting finding that there is no significant change in the MSV (mean 1.33 mV) in 65 subjects between the ages of 3 months and 16 years (fig. 16 ). The point of 3 months was taken because the fetal right ventricular dominance has usually subsided by then.'0 Furthermore, the mean value of 1.32 mV reported by McCall and co-workers 23 in an adult group of patients indicates no change in older age groups either. Also in keeping with these facts is the histologic evidence of little variation in the number of nuclei in individual normal hearts studied at autopsy.21' 24 Once the average adult heart weight of 300 Gm. has been reached, there are two mechanisms of further growth. The so-called "athlete's heart," subject to a constant demand Circulation, Volume XXX, October 1964 for increased stroke work, may grow further along physiologic lines to a "critical heart weight" of 500 Gm. In these hearts, still larger fibers are found, but no increase in total cell number occurs. However, when demands for stroke work or peak pressure continuously exceed a certain limit, Linzbach thinks that growth of the heart will proceed from "physiologic" to "pressure hypertrophy," the difference now being the further increase in number of nuclei and cells with which weights of 800 Gm. or more may be reached.
In this respect it is of interest that no overlap in MSV values occurred between patients with aortic stenosis and controls, once the peak pressure exceeded 160 mm. Hg (fig. 1 ). This, possibly arbitrary, line identifies a group of 18 patients with hemodynamically mild aortic stenosis, who showed moderate elevation of left ventricular peak pressure between 105 and 160 mm. Hg and yet top normal MSV (these are indicated by an asterisk in table 1). In its hemodynamic behavior this group may be similar to the type of "physiologic hypertrophy" described by Linzbach as occurring in athletes. 21 Although fibers are possibly larger in size,2' no significant alteration of the MSV (or SMSV) has taken place, reflecting t-he fact that in this group a normal number of operating units has persisted. 525 Recognition of mild left ventricular hypertension in this category of 18 patients was possible, however, because of marked changes in spatial magnitude of the 0.01-and 0.02-second vector. These changes parallel those found in patients with peak gradients of less than 40 mm. Hg (figs. 13, 15, table 1). Since no changes were found in the spatial angle with the MSV (fig. 14) and since spatial magnitudes are unaffected by changes in direction, a possible explanation for the marked reduction in magnitude of these initial forces may be that an increase in the number of cells in the inner layers of the left ventricular outflow tract leads to a greater than normal contribution by these cells to the over-all electrical forces at this instant. Since these forces are generated approximately simultaneously with those in the septal and anterior region, but are directed in the opposite direction,25 they will lead to partial cancellation and reduction of the 0.01-and 0.02-second vectors. Corresponding morphologic changes in early hypertrophy have been demonstrated in this region by Kirch.26 Thus, if this category is indeed similar to patients with Linzbach's "physiologice" hypertrophy, the vectorcardiographic criteria of that condition would be normal MSV, recorded at 0.04 second ( fig. 2 ), but altered 0.01and 0.02-second vectors.
Bryant27 as well as Toole and co-workers 28 have described similar electrocardiographic and vectorcardiographic findings in patients with left ventricular hypertrophy of varying severity. Furthermore, this reduction in magnitude of early vectors persists in the more severe forms of hypertension and is associated with an even further decrease in the 0.01 and 0.02 second/maximum QRS ratio, despite a return to near normal of the absolute magnitude of these values ( fig. 13 ). In other words, in the face of a marked increase in septal cell mass in advanced hypertrophy, the simultaneous hypertrophy of the inner layers of the free wall of the left ventricle results in an even further reduction in the ratio of their vectorcardiographic magnitudes during the early stages of depolarization. This in turn is in keeping with roentgenologic findings in our patients, none of whom showed severe cardiomegaly, and confirms that in "concentric pressure hypertrophy" growth begins in subendocardial layers at the cost of intracardiac volume and persists in these layers even when generalized hypertrophy has taken place throughout the entire cardiac muscle.
In the remaining 32 patients with more severe degrees of left ventricular hypertension, the MSV itself correctly pointed to the level of left ventricular pressure. Exceptions to this rule were three of the four patients studied during general anesthesia with pentobarbital and cyclopropane ( fig. 1 with severe aortic stenosis also reached peak pressures of 240 mm. Hg during exercise, but in these, resting pressures were significantly elevated, a measurement correctly reflected by an increased MSV. Thus the MSV in each case appears to reflect the average existing demand for peak pressure and not to reflect acute changes. Furthermore, it reflects peak pressure regardless of the setting of the resting cardiac output or peripheral resistance. This can be exemplified by patients R.U. no. 14 and A.G. no. 38, both of similar age and with a valve area of 0.53 cm.2/M.2, who had different resting cardiac outputs, yet both within the normal range. In one this resulted in a left ventricular peak pressure of 140 mm. Hg; in the other, 180 mm. Hg. Both levels were correctly predicted by the recorded MSV. A similar example is given by patients J.S. no. 19 and J.K. no. 50, whose peak pressures differed 100 mm. Hg, despite virtually identical valve areas. Here differences in peripheral resistance were the main cause of the observed intraventricular pressure differences. Thus, in a prognostic sense this vectorcardiographic measurement may be a more important parameter than the exact knowledge of the valve area or total resistance, since it reflects the histologic, and thus permanent adaptation, rather than the hemodynamic, and consequently variable, response to the obstruction. Furthermore, such a measurement may Circulation, Volume XXX, October 1964 prove of great value in the estimation of the potential success of surgical relief in stenotic lesions.
From a scientific point of view it is unfortunate that more patients in the range 250-300 mm. Hg could not be studied, particularly since the values in patient J.R. no. 49, both on the valve area and the peak pressure diagrams, suggest a curvilinear relationship of valve area and pressure to the MSV (figs. 1 and 10). Some measurements of MSV in adults with long-standing disease,29 not studied with catheterization, indicate voltages as high as 6 mV, again alluding to a curvilinear relationship. The correlation coefficient (N 0 0.90) calculated for this relationship had the same degree of significance, so that for practical purposes one can assume a linear relationship to exist.
Most autopsy-proved series indicate a range of MSV measurements close to our findings in the group with gradients in excess of 120 mm. Hg (3.21 mV). In 36 autopsy-proved cases (average heart weight 700 grams) with left ventricular hypertrophy, studied previously, the average MSV as projected on the horizontal plane was 3.4 mV. 29 Similar findings have been recorded by Bristow,30 who found 3.29 mV the average maximum vector in the horizontal plane in eight hearts weighing from 540 to 800 grams. Wallace and co-workerS3 in 24 older patients (mean age 51 years), with varying degrees of hypertrophy due to hypertension, not studied at cardiac catheterization, found an average MSV of 2.55 mV, which differed significantly from their control of 1.32 mV.
Although the data obtained by Linzbach parallel the findings of this study, the proof that pressure hypertrophy is accomplished through an increased number of operating units is not readily available. An augmented current or 'leadfield' of an enlarged fiber, represented by a higher potential at the surface electrodes, may play an additional role, as may the rearrangement of fibers resulting in reduction of intercellular resistance. Which of these two the exact mechanism will turn out to be, is not certain, but other suggested 527 mechanisms leading to an elevated MSV appear unlikely. For example, it has been stated that delay in the depolarization process permits late depolarizing areas in the outer layers of the left ventricle to generate higher than normal electromotive forces, since by that time normally opposing forces have already terminated their activity.2 This does not seem to play a major role in our patients, since the MSV occurred on the average at 0.045 second and even in the most severe degrees of hypertension never later than at 0.060 second (fig.  2 ). Furthermore, there was no delay in the total QRS time in any of our cases. Also the finding of a normal angle between initial and final forces, and the projection of the maximum spatial vector on the frontal plane in the range between 40°and 600 in all cases, ruled out disturbances in the distribution of the left ventricular depolarization wave. 32 Finally, tissue hypoxia appears unlikely, particularly in this age group, since in the absence of digitalis it should have been reflected by T loop and QRS-T angle changes. Such changes were found only in 15 of our cases.
To investigate other mechanisms leading to cardiac enlargement, it was of interest to study those congenital heart lesions in which pressure had remained the same but stroke volume had altered appreciably. Under these conditions, ventricular volume and particularly ventricular radius may become the dominant factor in the correlation inasmuch as the latter affects the tension generated by the fibers more than pressure does. A relationship between stroke work and the vectorcardiogram has been suggested by Liebman and Nadas in atrial septal defects.33 Studies now in progress on 40 patients with ventricular septal defects show a significant correlation between the sum of spatial magnitudes at 0.01 and 0.02 second and the left ventricular stroke volume (r 0.66). Here cardiac enlargement is of a different type, as shown by Linzbach,24 and correlations with MSV indeed are much less significant. Thus, in these lesions it is possible that an increase in the number of operating units, the suggested adaptive mechanism in lesions requiring predominantly increased pressure, has not taken place. In contrast, alterations of structural arrangement permitting a larger radius of the ventricle with consequent larger stroke volumes are reflected in significant changes in initial forces. Presumably the absence of hypertrophy of the inner layers and the relative lack of opposing subendocardial forces permit an abnormal increase in the spatial magnitude of septal and left ventricular apical forces. Electrical "shunting" by the augmented stroke volume may play an additional role.34 In this regard, it is of interest that oarsmen after a period of vigorous training showed an increased heart size, and a slight but definite change in MSV. Consequently the relationships demonstrated in this study apply only to those lesions in which a continuously increased demand for peak pressure or pressure time has led to hypertrophy. Different types of "hypertrophy" lead to other types of electromotive changes.
A final comment regarding the applicability of these findings to the average patient with increased intraventricular pressure seems in order. These findings pertain only in the presence of normal conduction through the Purkinje system. Left axis deviation anterolateral peri-infarction block, left bundle-branch block32 and forms of arborization block, all found with increasing frequency in the older age groups and with longstanding disease, interfere with the normal depolarization process and may render these correlations inaccurate. Nevertheless, in the large group of stenotic lesions in younger patients, these correlations should be of great help to the clinician in the assessment of the severity of the stenosis.
Summary
Hemodynamic measurements during left and right heart catheterization in 90 patients with aortic or pulmonic stenosis have been correlated with selected vectorcardiographic parameters obtained by the Frank vectorcardiogram.
Evidence has been presented that increased left ventricular peak pressure (r = 0.85) or pressure time (r 0.78) leads to augmented Circulation, Volum.e XXX, October 1964 528 INCREASED VENTRICULAR PRESSURE maximum spatial voltages. The coefficients for similar correlations on the right side of the heart were 0.87, respectively 0.82. When a sum of selected spatial vectors was used the correlation coefficient with left ventricular peak pressure rose to 0.90 (with controls r =0.93) and with right ventricular peak pressure to 0.89, while at the same time the standard error became less. Less significant correlations existed with the log of the valve area (r =-0.69 for the aortic valve and r = -0.66 for the pulmonary valve) and stroke work (r =0.24 for left and r =0.32 for right ventricular work).
These findings provide a further link between the morphology and the physiology of the ventricle producing wall tension and intracavitary pressure. The demonstration of no change in MSV over years of growth, while the heart increases from 20 grams to its mature weight of 300 grams and the remarkable linear increase in MSV once elevated resting pressure is produced, shows that the vectorcardiogram is capable of reflecting accurately the average peak pressure and pressure time delivered by either ventricle. Furthermore, the less significant relationship with stroke work or valve area, in the face of the good correlation with pressure time per minute and peak pressure, in particular, indicatcs that chronically increased ventricular pressure in obstructive lesions is the chief factor altering MSV. On the basis of Linzbach's histologic studies, it appears that the essential measurement made by the MSV or the SMSV is the number of cells constituting the actively contracting myocardial syncytium required for the maintenance of average resting ventricular systolic pressure.
